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MicroRNAs are a class of small RNAmolecules that regulate the expression of a wide variety of genes. In this
issue of Neuron, Rajasethupathy and colleagues identify 170 distinct microRNAs in Aplysia, including one,
miR-124, that plays a critical role in the regulation of signaling molecules underlying synaptic plasticity
and memory.It is now well-established that many of the
molecules and mechanisms underlying
basic cellular processes in all eukaryotic
cells are utilized by neurons in the service
of synaptic plasticity and memory. A
relative newcomer on the cell-biological
scene is an intriguing class of molecules
called microRNAs (miRNAs), which are
short, noncoding RNAs 22 nucleotides
in length (for a scholarly review see Filipo-
wicz et al., 2008). Primary miRNA mole-
cules (pri-miRNAs) are either transcribed
from miRNA genes or arise from spliced
introns (Figure 1). Mature miRNAs are
then produced through a series of steps
involving the RNA processing enzymes
Drosha, in the nucleus, and Dicer, in the
cytoplasm. miRNAs interact with a family
of proteins in the cytoplasm to form
microribonucleoprotein (miRNP) com-
plexes. The miRNA functions as a target-
ing system for the complex by virtue of
its ability to base pair with short stretches
of target mRNA, usually within the 30 UTR.
Once bound to its target, the miRNP
complex can exert a wide range of
actions, which generally lead to transla-
tional inhibition or mRNA degradation.
miRNPs can regulate translation through
a number of key steps, including initiation
(Pillai et al., 2005) and elongation (Mootz
et al., 2004). Also, mRNAs can be directly
degraded bymiRNPs (Meister et al., 2004)
or targeted for degradation through the
recruitment of decapping and deadenyla-
tion complexes (Behm-Ansmant et al.,
2006). Through these multiple regulatory
steps, miRNAs function as a natural
brake on the process of synthesizing
new protein.
Since the discovery of miRNAs by Lee
and colleagues in 1993 (Lee et al., 1993),
a major emphasis has been on their role714 Neuron 63, September 24, 2009 ª2009in cellular differentiation, metabolism,
and cancer. Much less is known about
the role of these key regulatory molecules
in synaptic plasticity and memory forma-
tion. A ground-breaking step in exploring
this question was taken by Rajasethupa-
thy et al. (2009 [this issue of Neuron]),
who identified 170 distinct miRNAs in the
marine mollusk Aplysia californica and
characterized the role of the most abun-
dant CNS-specific miRNA, miR-124, in
synaptic facilitation that underlies long-
term memory formation. miRNAs were
identified by sequencing cDNA libraries
made from small RNAs, which include
not only miRNAs but also rRNAs, tRNAs,
and snRNAs. To distinguish miRNAs
from other small RNAs, the sequencing
data were mined for sequences that met
specific criteria, such as the existence
of miRNA processing intermediates and
homology to miRNAs of other species.
By analyzing the number of clones
produced for each miRNA in different
tissues, the investigators were able to
determine the abundance and tissue
distribution for each miRNA. By far, the
most abundant is miR-124, a CNS-
enriched miRNA that is highly conserved
across a wide range of species.
miR-124 has previously been shown to
regulate neuronal differentiation (Make-
yev et al., 2007), but its role in synaptic
plasticity was unknown. In examining
this question, the authors found that
repeated CNS application of serotonin
(5-HT), a neuromodulator critical for
the induction of synaptic plasticity and
memory for sensitization in Aplysia,
induced a rapid reduction in miR-124
levels. Given that miRNAs typically inhibit
protein synthesis, a reasonable hypoth-
esis derived from this result is that theElsevier Inc.downregulation of miR-124 allows for
increased translation of its target mRNAs.
It is well-established that the induction
of long-term forms of plasticity and
memory in Aplysia, as well as many other
species, requires new protein synthesis,
and this finding provides a possible
mechanism by which 5-HT, released in
response to sensitizing input, gives rise
to the synthesis of new protein.
Repeated applications of 5-HT to the
Aplysia CNS cause an increase in the
strength of connections between sensory
neurons (SNs) and motor neurons (MNs)
that persists for at least 48 hr: this is called
long-term facilitation (LTF) (Montarolo
et al., 1986). Many of the signaling mole-
cules required for LTF have been identi-
fied. For example, a critical broker of
5-HT’s effects in SNs is mitogen-acti-
vated protein kinase (MAPK) (Martin
et al., 1997), which plays an important
role in the activation of the transcription
factor cAMP response element binding
protein 1 (CREB1), which in turn regulates
activation of a number of immediate-early
genes, ultimately giving rise to LTF (Alber-
ini et al., 1994). While these (and other)
critical steps are well-established, the
detailed molecular mechanisms through
which they interact remain to be eluci-
dated. Toward that end, to determine if
any of the well-known molecular players
underlying LTF are involved in regulating
miR-124, the investigators applied 5-HT
to the CNS in the presence of inhibitors
of these signaling molecules. In an impor-
tant observation, they found that down-
regulation of miR-124 was completely
blocked by an inhibitor of MAPK. This
finding provided traction in identifying
a critical source of upstream regulation
of miR-124.
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their attention on the downstream
effects of manipulation of miR-124
levels. In order to increase the level
of miR-124, a miR-124 mimic was
directly injected into cultured SNs
that were synaptically connected to
MNs. This treatment completely
blocked 48 hr LTF, presumably by
repressing the translation of miR-124
target mRNA. In a complementary
experiment, miR-124 levels were
decreasedby injection of an antisense
miR-124 inhibitor, which caused
a significant enhancement of 48 hr
LTF, presumably due to increased
translation of miR-124 target mRNA.
The authors also found that miR-124
inhibition lowered the threshold for
LTF induction. Normally, LTF requires
repeated applications of 5-HT, but in
the presence of reduced miR-124
levels, a single application of 5-HT
was sufficient to induce LTF. To-
gether, these loss-of-function and
gain-of-function experiments demon-
strate convincingly that regulation of
miR-124 levels is a pivotal process in
the induction of LTF.
The collective data described
above raise a critical question: which
mRNA(s) are regulated by miR-124?
To address this question, pleural
ganglia (which contain SN cell bodies)
were incubated with a membrane-perme-
able miR-124 inhibitor, then analyzed by
western blot to determine the abundance
of specific proteins. It was found that the
transcription factor CREB1 was upregu-
lated in response to miR-124 inhibition.
As mentioned earlier, CREB1 is known
to play a critical role in activating the tran-
scription of immediate-early genes during
the induction of LTF, and 5-HT has been
shown to upregulate CREB1 expression
(Bartsch et al., 1998). Further evidence
that miR-124 regulates CREB1 came
from the authors’ observation that all
three immediate-response genes known
to be activated by CREB1 in response
to 5-HT (ubiquitin C-terminal hydrolase
[UCH], CCAAT enhancer binding protein
[C/EBP], and kinesin heavy chain
[KHC]) were upregulated at the level of
mRNA and protein following miR-124
inhibition. This result is intriguing because
it suggests that increased translation of
CREB1 can lead to increased expression
of CREB1 target genes even in the
absence of 5-HT stimulation. However,
the upregulation of CREB1 target genes
due to miR-124 inhibition was further
enhanced by 5-HT, suggesting that the
regulation of CREB1 translation by reduc-
tion of miR-124 is not the only mechanism
through which 5-HT induces CREB-medi-
ated transcription.
In order to repress translation, miRNAs
require at least partial homology to their
target mRNA. The authors examined the
vertebrate CREB1 mRNA sequence and
found a potential miR-124 binding site in
the 30 UTR. Upon cloning and sequencing
the 30 UTR of Aplysia CREB1, this site
was found to be highly conserved. To
determine whether this site is important
for the regulation of translation by
miR-124, the CREB1 30 UTR was fused
to a luciferase reporter and expressed
in HEK293 cells. Overexpression of
miR-124 inhibited luciferase expression
by 45% but had no significant effect
when the CREB1 30 UTR contained
a two-nucleotidemutation in the puta-
tive miR-124 binding site. These data
provide convincing evidence that
miR-124 binds directly to the CREB1
30 UTR and inhibits translation of
CREB1 mRNA.
The seminal paper by Rajasethupa-
thy et al. has yielded important
new insights into the way that plas-
ticity-related signaling molecules are
dynamically regulated. Their results
provide clues into a mechanism by
which miRNAs serve as a dynamic
brake on protein synthesis. Memory-
inducing stimuli then give rise to
signals that relieve this brake, induc-
ing the rapid translation of key regula-
tors of synaptic plasticity. It is unlikely
that miR-124 is the only miRNA
involved in synaptic plasticity. Thus
this study opens the door to the inves-
tigation of a new family of mecha-
nisms through which other miRNAs
facilitate memory processing.
When considered in a broader
perspective, it is striking how many
inhibitory constraints exist in the
induction of long-lasting synaptic
facilitation and memory. In Aplysia
alone there are several, including
(1) the regulatory subunit of PKA,
which must be dissociated from the
catalytic subunit for the enzyme to
exert its downstream effects (Chain
et al., 1999), (2) the Ca2+/calmodulin-
dependent protein phosphatase calci-
neurin, which exerts its inhibitory effects
at the level of MAPK (Sharma et al.,
2003), (3) the repressor isoform of CREB
(CREB2), which negatively regulates
CREB-mediated transcription (Bartsch
et al., 1995), and, as shown in the present
paper, (4) miR-124, which represses
CREB1 translation. A variety of similar
inhibitory constraints have been demon-
strated in a range of mammalian systems
as well. All of these inhibitory steps (and
likely many more) are naturally overcome
during the induction of normal long-term
synaptic plasticity and memory, but
the very existence of these molecular
hurdles shows that the induction of lasting
change in the brain is tightly regulated
at multiple levels. The current work by
Rajasethupathy et al. has revealed yet
another critical molecular constraint that
must be overcome if a lasting memory is
to be encoded.
Figure 1. MicroRNA Biogenesis and Assembly of
the Microribonucleoprotein Complex
Reprinted by permission from Macmillan Publishers Ltd:
Nat. Rev. Genet. (Filipowicz et al., 2008).Neuron 63, September 24, 2009 ª2009 Elsevier Inc. 715
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An invaluable insight into the role of inhibi-
tion in a given circuit comes from asking
whether it offsets the excitatory drive
to a neuron or instead alters the gain of
its input-output relationship. An inhibitory
offset effectively removes a certain
amount of excitation, without altering the
shape of the function relating neuronal
firing to excitatory drive. A gain change,
on the other hand, alters the slope of this
relationship. These modes of inhibition
have been termed subtractive and divi-
sive, respectively, reflecting their compu-
tational consequences for information
transfer. Although both forms of inhibition
can be achieved by GABAA receptors,
they are generally assumed to result
from GABA released from different sour-
ces or acting at different sites on neurons.
Indeed, the heterogeneous spatial and
temporal profiles of GABAergic signaling,
and different polarities and magnitudes of
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Aergic inhibition are often assumed t
ensing the neurotransmitter. New da
cerebellar granule cells might result
GABA receptor-mediated currents arising
in various compartments of neurons,
potentially offer an enormous diversity of
effects on the integration of excitatory
currents and action potential genera-
tion. Unexpectedly, J.J. Crowley and
colleagues in this issue of Neuron (Crow-
ley et al., 2009) propose instead that
a single GABAergic neuron might rela-
tively independently affect either offset
or gain in a single target neuron.
Crowley et al. use patch-clamp record-
ings from cerebellar granule cells to
examine the fine structure of inhibitory
postsynaptic currents (IPSCs) arising
from the activity of individual Golgi cells.
Because these are a relatively homoge-
neous cell type in the afferent pathway
to the cerebellar cortex, it might be
expected that they only mediate a rela-
tively stereotyped form of inhibition. How-
ever, it is known that GABA released from
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ta suggest that distinct effects on
from different modes of signaling
Golgi cells evokes both fast and slow
GABAA receptor-mediated IPSCs in gran-
ule cells. Dendritic cable properties are
unlikely to contribute significantly to
shaping IPSCs, because granule cells
are compact. Instead, the different
kinetics have been interpreted as reflect-
ing either exocytosis at synaptic apposi-
tions between Golgi cell terminals and
granule cell dendrites, or spillover of
GABA within cerebellar glomeruli where
these synapses occur (Rossi and Ha-
mann, 1998). Crowley et al. extend this
work to show that action potentials in a
single Golgi cell evoke IPSCs made up
of variable contributions of fast and slow
components, with a minority of functional
connections apparently exclusively medi-
ating either a fast or a slow IPSC. These
results thus far are in line with previous
studies. Crowley et al. however do not
reproduce the observation by Rossi and
